In this study, a single polymer electrolyte membrane fuel cell (PEMFC) in H 2 / /O 2 form with an effective dimension of 5 cm×5 cm as well as a single direct methanol fuel cell (DMFC) with a dimension of 10 cm×10 cm were fabricated. In an existing test station, the voltage-current density performances of the fabricated PEMFC and DMFC were examined under various operating conditions. As expected, DMFC showed a lower electrical performance which can be attributed to the slower methanol oxidation rate in comparison to the hydrogen oxidation. The results obtained from the cell operation indicated that the temperature has a great effect on the cell performance. At 60 °C, the best power output was obtained for PEMFC. There was a drop in the cell voltage beyond 60 °C, which can be attributed to the reduction of water content inside the membrane. For DMFC, the maximum power output resulted at 64 °C. Increasing oxygen stoichiometry and total cell pressure had a marginal effect on the cell performance. The results also revealed that the cell performance improved by increasing pressure differences between the anode and cathode. A unified semi--empirical thermodynamic based model was developed to describe the cell voltage as a function of current density for both kinds of fuel cells. The model equation parameters were obtained through a nonlinear fit to the experimental data. There was a good agreement between the experimental data and the model predicted cell performance for both types of fuel cells. Key words: PEMFC; DMFC; semi-empirical model; polarization curve; fuel cell.
The main objectives in fuel cell modeling are to determine the polarization curve and various factors affecting on fuel cell performance in order to obtain maximum power. Therefore, investigation on the fuel cell polarization curve under various operating conditions is essential. Although PEMFC is the first choice for a variety of applications due to its higher electrical performance, the hydration storage and handling still remains a challenge in its development. DMFC is an attractive fuel cell because methanol energy density is much higher than that of hydrogen. Besides, it is an inexpensive liquid and easy to handle, store and transport. However, in practice, DMFC has much lower open circuit voltage (OCV). One of the major reasons for this low performance is methanol crossover through the proton exchange membrane (PEM), such as Nafion, to reach the cathode side via physical diffusion and electro-osmotic drag (by protons). Such crossover not only results in a waste of fuel, but also lowers the cell performance. The effect of methanol crossover in the DMFC has attracted attention worldwide and its impact on cathode operation and system efficiency was extensively investigated [1] .
Indeed, rigorous characterization of fuel cells performance considering physical phenomena such as mass and energy transport, electrochemical kinetics, etc., is too complex and cumbersome. The main advantage of thermodynamic based semi-empirical models lies in correlation of cell performance in terms of operating conditions for the practical applications. Most empirical performance models are focused on prediction of polarization curves, which are used to characterize the electrical performance of fuel cells. These models are mainly based on the thermodynamic models, which describe cell performance according to operating conditions such as temperature and pressure. In general, the actual fuel cell voltage is lower than its thermodynamic voltage when current is drawn. The voltage losses, usually called overpotential, can be divided into three regions -the active, ohmic and mass-transfer limiting regions [2] [3] [4] . It was accepted that in the low current density region, the active overpotential of oxygen reduction at the cathode predominates. In the intermediate region, the cell internal resistance, mainly attributed to the membrane resistance, becomes the major factor resulting in a linear decrease of the discharge curve in this region. In the high current density region, the overall cell reaction rate is limited by depletion of the reactants. Consequently, the mass-transfer overpotential becomes the dominant factor and causes a sharp decay in the power density [5] . Several semi-empirical models have been proposed to describe the fuel cell polarization curve. Srinivasan et al. [6] developed an equation that describes the relation between the cell potential and current density in the low and intermediate current density region, where electrode reactions are controlled by the activation and ohmic resistances:
where E 0 is the thermodynamic open-circuit potential.
The first two terms of this expression together are a form of the Tafel equation, which accounts for the activation potential, and R e is the ohmic resistance of the fuel cell components. The R e j term is the ohmic overpotential [7] [8] [9] . Starting from this point, to increase the reliability of the aforementioned equation, Kim et al. [10] introduced an additional term that allows fitting of the experimental curves over the whole range of current density. However, they did not find evidence of a link between the introduced parameters and the experimental variables related to mass transport: 0 e log nj E E b j R j me
where m and n are parameters that account for the "mass transport overpotential" as a function of current density. Squadrito [8] 
Where α, k and β are fixed parameters. The term ( ) ln 1 j β − introduces a limit to the available current density. For k = 1, α has the same dimension as R e and can be interpreted as an additional resistance term due to the overall mass transport limitation [8] .
Argyropoulos and his coworkers [11, 12] showed the applicability of Kim's and Squadrito's equation [8] term to take into account the mass transport overpotential [6] . This term derived from an empirical consideration that accounts the mass transport (diffusion) limitation at high current density region. The resulting equation appeared to be uniquely valid under several experimental conditions for both DMFC and PEMFC on the basis of the experimental data obtained with a 25 cm 2 PEMFC and a 100 cm 2 DMFC single cell.
EXPERIMENTAL DETAILS
Polymer electrolyte membrane fuell cell (PEMFC)
Experiments on the fabricated PEMFC with hydrogen feed were performed. The schematic diagram of built fuel cell is shown in Figure 1 . The fabricated fuel cell had an effective cross-sectional area of 25 cm 2 . The cell was fitted with single membrane electrode. The assembled cell was sandwiched between two graphite blocks with a flow bed configuration, in the form of parallel channels. The geometry of the channels was rectangular, 1 mm in width and 1 mm in depth, separated by 1 mm pitches. The cell was installed between two copper current collectors, two plastic insulation sheets and two aluminum cover plates. The set was retained with bolts positioned around the cell peripheral. Electrical heaters were placed behind each of the end plates in order to heat the cell to the desired operating temperature. The MEA was purchased from E-TEK, Inc. The catalyst content of the cathode was 0.4 mg Pt cm -2 and the catalyst content of the anode was 0.2 mg Pt cm -2 (repeated). Carbon cloth was used as a gas diffusion layer. The membrane was Nafion 112 with total surface area of 64 cm 2 and effective surface area of 25 cm 2 . The thickness of MEA is 2 mm. Test station was designed to analyze the performance of the fabricated cell. The fuel cell test station was equipped with a humidifying system for the reactant gases and the cell temperature controller. The humidifying temperature for H 2 /O 2 was maintained at 65 °C. The gas flow rates were fixed and checked by electronic mass flow controllers. The cell potential against current density measurements were recorded by a data acquisition unit which is interfaced to a computer. Figure 2 shows a photograph of the experimental apparatus used in this section. 
Direct methanol fuel cell (DMFC)
The DMFC used in this study was assembled with Nafion membrane as polymer electrolyte with an effective cross-sectional area of 100 cm 2 . The membrane electrode assembly was purchased from Fuel Cell Store Co. The MEA was sandwiched between two graphite blocks which had a flow bed, in the form of serpentine structure for anode and parallel pattern for cathode. The DMFC with 4 times effective crosssectional area was similarly fabricated cell as explained above. Tests on the fabricated and assembled DMFC were performed with a cell unit shown in Figure 3 . A schematic diagram of facilities used for testing DMFC performance is shown is Figure 4 . 
RESULTS AND DISCUSSION
In this study, an equation derived from a semiempirical approach is proposed. Through a mechanistic similarity, the basic theory in electrochemistry was used to introduce a simple equation that fits with the experimental data over the entire range of current density with high accuracy. The semi-empirical equation is given as follows:
The relationship is similar to equations proposed by the other researchers in the same field. The last term in Eq. (5) describes the potential loss due to the rapid depletion of reactants at high current density which causes a mass transfer resistance leading to a reduction in the fuel cell electrical output. When no current is withdrawn from the cell, no depletion occurs and this term vanishes, while the maximum depletion occurs at limiting current density (j limiting at E = 0). It has an advantage of the cell voltage which shifts naturally to its open circuit voltage at zero current density.
In order to calculate each parameter in Eq. (5), two separate sets of experiments were conducted with the fabricated-assembled PEMFC and DMFC single cell. The applicability of the proposed equation was examined under several experimental conditions.
PEMFC with hydrogen feed
To calculate the parameters in Eq. (5), several experiments were conducted with the above constructed hydrogen fuel cell. The experiments were carried out at various temperatures, pressures and cathode flow rates (oxygen stoichiometry). The model parameters were recovered from a nonlinear model equation to fit the experimental data. The determined model parameters are summarized in Table 1 . Equation (5) describes the cell performance at constant temperature and the parameters appearing in this equation were separately recovered from V-j data obtained at different temperatures. The recovered parameters have different values which show their temperature dependency. In this study, since the parameters were empirical, no physically meaningful temperature dependencies were proposed. Therefore, Eq. (5) works at constant temperature and other specified conditions. Figure 5 compares the computed polarization curves with the measured ones. The calculated curves show good agreement with the experimental data in the investigated temperature range (50-70 °C). It is interesting to mention that among the four sets of experiments at 4 different temperatures ( Figure 5 ), the best overall cell performance was obtained at 60 °C. It was easily understood that the cell performance could be improved by increasing the cell temperature, which results in an increase of internal energy and a decline of activation overpotential. This is because the exchange current density increases with an increase in fuel cell temperature, which reduces the activation losses. However, when the cell temperature was increased up to 70 °C, the performance of the cell was decreased. Even the cell performance at 70 
211°C
was lower than that of 50 o C. This can be attributed to the low water content inside the cell membrane at high temperatures. In general, water management in PEMFC is very important. The kinetics of oxidation will be accelerated at high temperature. However, the ionic conductivity of Nafion falls at temperatures higher than the humidification temperature due to loss of water, which is necessary for its conductivity, due to evaporation [13] [14] .
Polarization curves for hydrogen fuel cell with various operating pressures are shown in Figures 6  and 7 . In Figure 6 , the pressures of anode and cathode sides were kept at the same level. The performance of the fuel cell increases with the increase of the cell operating pressure as shown in Figure 6 . An increase of the pressure in both cathode and anode sides increases the reactants concentration in the cell and therefore improves the overall performance. The pressure difference between the cathode and anode sides was also investigated in this study. As it is demonstrated in Figure 7 , when the pressure at cathode side was kept higher than that of anode side, cell performance was improved. Figure 8 shows the effect of change in cathode flow rate on the cell performance which indicates that this effect is very marginal. That is due the stoichiometric ratio of H 2 :O 2 is 2:1. Since oxygen is a cheap reactant, it is usually used as an excess reactant. In all experiments conducted. In this study, oxygen was used at the ratio higher that stoichiometric ratio. Therefore it had no impact on the cell performance. 
Direct methanol fuel cell
To evaluate the cell performance, a series of experiments was conducted with the fabricated-assembled direct methanol fuel cell. The experiments were carried out in a wide range of temperatures (40-64 °C) at constant methanol concentration (1 M). In Figure 9, the calculated cell voltages are presented for 1 M methanol solution at three different cell operating temperatures (40, 55 and 64 °C). For this purpose, an experiment was carried out at 62 °C, to study the model predictability in high exchange current density or low cell voltage. The results shown in Figure 10 indicate that the proposed model fitted fairly well with the experimental data. In this study, the advantage of the proposed model is the ability to follow the voltage profile in the limiting current density region or mass transport limitation region. The parameters for the proposed model are summarized in Table 2 .
A quantitative comparison between PEMFC and DMFC was not applicable in terms of the polarization curve. However, it is obvious that oxidation of dilute methanol as the reactant in DMFC is slower than oxidation of hydrogen in PEMFC. Therefore, a quailtative distinction in electrical behavior was performed between them based on the values obtained for the model parameters. Indeed, the major voltage loss was due to ohmic resistance in both fuel cells. However, comparing liquid reactant in DFMC with gaseous reactant in PEMFC, the voltage drop due to mass transfer limitation was stronger in DMFC (comparing the values of d R and α parameters in Tables 1 and 2 ). 
CONCLUSION
The objective of the present study was to develop a unique semi-empirical model that would simulate the performance of both PEMFC and DMFC without extensive calculations. The advantage of this model is its simplicity and accuracy. A unique semiempirical model has been developed to describe the voltage-current behavior for both PEMFC and DMFC in which the voltage naturally reduces to OCV when no current is withdrawn from the cell. The model was validated by the experimental data obtained for both types of cells at various operating conditions. To attain these goals, single PEM fuel cell with dimension of 5 cm×5 cm and DMFC with dimension 10 cm×10 cm were constructed and a series of measurements were conducted to characterize the polarization curve. The ultimate goal of the semi-empirical model lies in its ability to predict the cell voltage-current density for the fuel cell systems which are not included in the experimental data. For both types of cells, the results indicated that the model predicts a good agreement between the experimental data and the computed values under different operation conditions. The results of the present study indicate the optimum operating temperature is around 60 °C for both cells and beyond of this temperature the performance of the cell decreases due to loss of water content and membrane ion conductivity. Increasing the cell pressure enhanced the cell voltage and increasing the air (oxygen) stoichiometry had no significant influence on the PEMFC performance. The reason was attributed to high oxygen stoichiometry used in this study. On the effect of fitting parameter, it is understood that the major loss in voltage has been due to ohmic loss for both kinds of fuel cells. However, the voltage drop due to mass transfer limitations is more serious for the liquid based reactant in DMFC compared to gas based reactant in PEMFC. 
